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The purpose of our study was to determine if it is possible to acquire CTA images 
of small vessels using lower concentrations of iodinated contrast material without 
substantially diminishing image quality. A custom designed multi-purpose phantom was 
used to test multiple concentrations of iodinated contrast material using low x-ray tube 
voltage experimental CTA protocols. A single scan using 120 kVp and Noise Index at a 
setting of 23 was compared to scans using 100 kVp and 80 kVp tube voltages and Noise 
Index settings of 23, 21, and 19. Lower tube voltages did produce increased attenuation 
in contrast material regions of interest, however, increased image noise caused the CNR 
and FOM for the currently established imaging protocol to be superior to the 
experimental protocols tested. Despite minor decreases in image quality, the experimental 
imaging protocols were able to produce images utilizing significantly decrease levels of 
radiation dose. Given minor changes in imaging quality, the ability to substantially 
reduce dose while maintaining a satisfactory level of image quality was positive. Further 
experimentation with low kVp CTA imaging utilizing additional NI settings is warranted 
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to measure possible further improvements in image quality while still maintaining low 
radiation dose. 
 vi 
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CTA and Current Clinical Protocol 
 In the field of medical imaging, angiography has proven itself to be an 
indispensable tool with many diagnostic and interventional applications. Specialized 
angiography techniques allow for the visualization of vasculature within the body that is 
not normally visible using conventional diagnostic techniques (Rubin, Dake et al. 1993). 
Digital subtraction angiography has been the gold standard in this field for many years 
(Kouskouras, Charitanti et al. 2004). As CT technology has continued to improve in 
recent years, however, computed tomographic angiography (CTA) has moved to the 
forefront of the field (Heijenbrok-Kal, Kock et al. 2007) (Napoli, Fleischmann et al. 
2004). It has been shown to be a fast and reliable method for evaluating vascular 
abnormalities in cases of trauma (Soto, Munera et al. 1999), as well as vascular 
malformations in complex 3D anatomical structures (Kato, Katada et al. 2001).  
 In CTA, the use of radiopaque intravenous contrast material allows for the high 
resolution imaging of vasculature throughout the body. This is accomplished by acquiring 
CT imaging as injected contrast material passes through body vasculature. In this way, 
the vessels are more clearly visualized than the surrounding soft tissue. By timing image 
acquisition with contrast injection, different phases of blood circulation can be visualized 
as the material perfuses the body (Cademartiri, van der Lugt et al. 2002). The current 
clinical protocol for acquisition of CTA images utilizes x-ray tube voltage settings of 120 
kV and approximately 330 mAs (Leschka, Stolzmann et al. 2008).  These settings allow 
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for the acquisition of high quality CTA images as contrast material passes through the 
different areas of the body (Napoli, Fleischmann et al. 2004).  
 
Risks Associated With CTA 
 In any x-ray imaging modality, an important safety concern is the dose received 
from ionizing radiation. Of paramount concern are the stochastic risks associated with 
exposer to ionizing radiation. Ionizing radiation is known to drastically increase the 
chances of developing cancer in later life. While the exact relationship between received 
dose and increased risk are not completely understood, studies have shown that lifetime 
radiation dose seems to be cumulative with increased dose correlating with increase risk 
of cancer development. Most of our understanding of the stochastic effects of radiation 
exposure comes from epidemiological studies of atomic bomb survivors following World 
War II. These studies have found highly increase incidences of cancer in patients exposed 
to ionizing radiation with increasing rates of diagnosis as time passes after exposure. 
(Brenner and Hall 2007) 
 In x-ray imaging, including CT and CTA, the dose imparted by the imaging 
scanner has a direct relationship to the quality of the images that are produced. Scans 
utilizing higher doses of radiation are generally understood to be capable of producing 
higher quality images (Huda 2002). In order to understand dose in comparison to image 
quality, a good measurement of radiation exposure must be used. In CT modalities, the 
most common measure of dose is the CT dose index (CTDI). CTDI is a representation of 
the average dose received by the patient adjusted for the volume being scanned. In this 
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way, the CTDI provides a single value that allows for the straightforward comparison of 
radiation exposure between different scanning techniques. (Bauhs, Vrieze et al. 2008)  
 In CTA, the IV contrast material also presents a risk to patients. There are a 
number of acute medical side effects caused by IV contrast (Namasivayam, Kalra et al. 
2006). While newer materials have shown improvement over time (Hammer and Lackner 
1980), a significant portion of the population is still known to exhibit adverse effects. 
These acute reactions range from small discomforts such as flushing of the skin, to life 
threatening reactions. These can include nausea, vomiting, cardiac irregularities, pain, 
and many other adverse reactions (Sutton, Finn et al. 2001). Additionally, iodinated 
contrast material is known to be highly nephrotoxic. After contrast administration, kidney 
function is known to be consistently impaired and some patients experience life 
threatening renal failure. Patients with existing conditions that impair kidney function can 
be more susceptible to these effects. Due to these effects, the amount of contrast material 
used for many patients must be limited. (Rudnick, Goldfarb et al. 1995; Namasivayam, 










The current clinical standard for CTA utilizes x-ray energies produced from a x-
ray tube with a voltage potential of approximately 120 kV. The k-edge of iodine is known 
to be 33.2 keV. This means that iodine is more effective at blocking x-rays and 
attenuating an x-ray beam as the energy of the incoming photons approached 33.2 keV. 
Interacting photons in this range will experience a decrease in the Compton scattering 
seen at higher energy levels and an increase in photoelectric effect. (Schindera, Nelson et 
al. 2008). Based on this understanding of the k-edge of iodine, numerous studies have 
now explored the possibility of utilizing lower kVp settings to increase the attenuation of 
iodinated contrast material and lower total radiation dose in different imaging settings 
(De Zordo, von Lutterotti et al. 2012). Studies utilizing both phantoms and live models 
have shown the ability to increase iodine attenuation and contrast to noise ratio (CNR) for 
the purpose of tumor detection by lowering the kVp settings when acquiring CT images 
(Marin, Nelson et al. 2010) (Schindera, Nelson et al. 2008). Other studies have tested the 
ability to decrease dose in CTA while still maintaining good CNR values (Beitzke, Wolf 
et al. 2011) (Leschka, Stolzmann et al. 2008). Despite continued research into low kVp 
contrast interaction, the numerous variables and clinical applications of this technology 
still leave many questions to be answered.  
 In addition to changes in kVp settings, modern CT scanners allow for a given 
level of image noise to be defined by the user using an automatic tube current modulation 
(ATCM) function. This function dynamically controls the exposure from the x-ray tube 
during a scan based on the attenuation of the object at every angle of image acquisition 
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(Söderberg and Gunnarsson 2010). A common name for this noise setting on CT scanners 
manufactured by General Electric (GE Healthcare, Waukesha, WI) is the noise index 
(NI). Based on user selected NI settings the scanner will adjust the mA output from the x-
ray tube. Lower NI settings cause the machine to produce images with lower noise and 
better CNR at the expense of increase dose to the patient. By manipulating the NI it is 
possible to increase exposure in a scan to reduce image noise. (Kanal, Stewart et al. 2007) 
 
Hypothesis 
 We hypothesized that, by lowering kVp settings, it may be possible to acquire 
CTA images of small vasculature with lower radiation risks and/or lower concentrations 
of contrast material while preserving satisfactory image quality. In addition to the 
potential for lowering risks due to radiation dose, sufficient increases in CTA image 
quality at lower kVp settings could allow patient populations with minor susceptibility to 
side effects or patients with mild kidney insufficiency to utilize the benefits provided by 
contrast enhanced CTA technology. We sought to test these possibilities through 
measures of CNR and a figure of merit (FOM) accounting both CNR and dose. 
Additionally, changes in image quality were measured as a factor of image distortion due 
to noise from the perspective of a human reader.  
 To test our hypothesis, utilized a custom designed multi-purpose phantom. The 
use of a phantom allowed for repeated CTA imaging of a vascular model with no change 
in contrast material concentration over time. Additionally, the phantom allows for 
identical geometric images to be compared without the changes in vessel location, vessel 
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size, or image noise that are common in live animal or human models. The phantom 
allowed for samples of contrast material to be suspended in small vascular models while 
maintaining an image noise profile similar to an adult abdomen.  
 
Background 
 Modern medical imaging allows us to view the human body in ways that, until 
recently, were not thought possible. Historically, scientists and healthcare providers have 
only been able to view the internal workings of the human body with what their eyes can 
see naturally. Seeing within the body required that the tissue between the observer and 
the object of interest first be removed. Not only is this method not practical in many cases 
with a living patient, but the manipulation or removal of tissue for examination can also 
change the object being observed as well as the system in which it inhabits. Modern 
medical imaging is accomplished through the use of energy outside of the viable light 
spectrum. As energy passes through tissue, the result of its interaction with that medium 
can be observed and quantified. By using various forms of energy such as this, we are 
able to create images of the body that visible light is not capable of revealing. (Bushberg 
2002) 
 The characteristics of the energy employed in an imaging modality determine 
what information the energy is capable of revealing. Because different forms of energy 
will interact with different tissues in unique ways, each of our modern imaging modalities 
has its own benefits and weaknesses. Depending on the information that the observer 
wishes to see and the condition of the object being observed, different modalities are 
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better suited to different tasks. Additionally, different imaging systems can present some 
amount of danger or hazard, such as exposure to ionizing radiation or extreme magnetic 
fields. In these cases, the benefits of acquiring imaging on a patient must be weighed 
against the value of the images being acquired. (Bushberg 2002) 
 Prior to the discovery of x-ray radiation by William Roentgen in 1895, the field of 
light photography was beginning to expand. At this time, improvements had recently 
been made in the use of photosensitive chemicals and the substrates used for making 
photographic materials. Shortly after his discovery of x-rays utilizing a vacuum tube and 
a barium platinocyanide fluorescent screen, he found that an object’s ability to block the 
newly discovered rays was dependent on the material’s density. The progression of 
Roentgen’s experimentation with x-rays shortly after his initial discovery focused on the 
use of x-rays to capture images using existing photographic technology. As a result, he 
was able to create the first radiograph of a human hand shortly after his discovery. A 
radiograph of his wife’s hand was able to show the dense bone within her hand through 
the less dense skin. In this way, the radiograph became the first imaging modality to 
provide a view of the internal structures of the body without the need for surgical 
exploration. (Haus and Cullinan 1989) 
 An x-ray radiograph is a 2D image of the body based on the density of the tissues 
that the x-rays must pass through. The x-rays are generated by a vacuum x-ray tube and 
are directed at the object with a detector placed behind the object. This represents a 
transmission experiment where only x-ray photons that pass through the object are able to 
interact with the detector. X-rays that collide with atoms within the object are stopped or 
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scattered before exiting the object and do not add to the creation of the image. The 2D 
image produced is a result of how many of the generated x-rays are able to pass through 
the object without interaction. (Bushberg 2002) 
 The measurement of an x-ray’s interaction with matter leads to the concept of 
linear attenuation coefficient. The linear attenuation coefficient (μ) of a substance for a 
given wavelength of photons is the probability that a photon will interact with the 
substance as it passes through a given distance and be removed from the beam. The μ 
value of a material is related to the electron density of the material. High atomic number 
atoms will have greater electron density with greater chance of interaction with the 
traveling photons. In the case of a monochromatic beam of photons, the μ value will 
remain constant across the material it is passing through. In the case of a polychromatic 
beam of photons, lower energy photons have a greater chance of interaction than their 
higher energy counterparts. Because of this, the distance a given intensity of beam can 
travel will increase as it passes through a dense material. (Grodstein 1957) 
An x-ray transmission image represents the μ values of all the tissue encountered 
by the beam as it passes through an object. In the case of x-ray radiography, the 2D 
image produced shows the relative μ value of the object along the many straight paths of 
the beam from the x-ray source to the detector. Due to this summation of beam 
interaction, the long voxel of the object that the beam passes through is represented by a 
single point in the image produced.  (Bushberg 2002) 
While the general principle of x-ray transmission experiments has remained the 
same since the original discovery of x-rays, the methods of x-ray production, detection, 
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and use have continued to evolve at a steady pace. Increased efficiency of x-ray tubes has 
allowed for tubes to be used longer and to produce x-ray beams with well defined energy 
profiles. Advances in filtration at the beam source have allowed for further manipulation 
of the x-ray energy profile to decrease scattering and increase image quality. Filtration 
and collimation techniques employed at the detector have also helped to improve image 
quality and decrease the noise from scattered photons. Specialized x-ray experiments 
such as mammography now take advantage of specific x-ray tubes and detectors that are 
specifically designed to generate and detect low energy x-rays for the diagnosis of breast 
cancer. (Mahesh 2004) 
The development of new x-ray detection methods has also allowed for the 
creation of new x-ray transmission imaging modalities. The development of the video 
camera allowed for real time visualization of an x-ray experiment when a scintillating 
material is used to convert x-rays into visible light. Known as fluoroscopy, this real-time 
x-ray transmission experiment allows for procedures to be completed with the body using 
x-ray images rather than needing to perform surgery for visual access to the internal 
organs of the body. (Körner, Weber et al. 2007) 
The development of digital detection technology in recent years has 
revolutionized the field of x-ray radiography. In all previously described equipment, the 
standard chemical x-ray detection mechanism can be replaced by one of the many forms 
of digital x-ray detection. Beyond the convenience of digital detection not requiring a 
film to be developed, the digital form of an image allows for the viewing, manipulation, 
storage, and transmission of the images using a computer. The use of a computer allows 
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for a great increase in the flexibility of x-ray imaging systems and how images are used 
after they have been captured. Additionally, many modern digital detectors have dynamic 
ranges of x-ray detection that is beyond that of traditional film radiography. This has 
allowed for the generation of images with improved contrast and better results. (Körner, 
Weber et al. 2007) 
The advent of new reusable detectors and the integration of the computer into the 
field of radiology led to the creation of a new x-ray transmission modality in 1971 when 
Sir Godfrey N. Hounsfield invented computed tomography (CT). In its most simple form, 
a CT scanner generates an image by performing a series of x-ray transmission 
experiments that follow the same scientific principals as a 2D radiograph. The x-ray 
experiment is performed using an x-ray tube and narrow detectors that are both supported 
by a rotating gantry around the object being scanned. This produces a 1D radiograph of a 
thin slice of the object. The gantry that supports the x-ray tube and detector are then 
repeatedly rotated slightly to a new angle and the same slice of the object is imaged again 
after each rotation. These thin images from each angle are then joined together to form a 
single 2D sinogram of the slice of the object being imaged. By performing a 
mathematical Radon transform on the sinogram, the newly generated output is a 2D 
image of the complete slice of the object. This procedure is then repeated 
tomographically down the length of the object to create a series of 2D images that 
complete a 3D dataset. (Kalra, Maher et al. 2004) 
Since its initial invention, numerous innovations to the design of the CT scanner 
along with increases in the capabilities of the x-ray detection systems have greatly 
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improved the efficiency and the image quality of CT scanners. Slip disk technology now 
allows for the continuous rotation of the gantry around the object being scanned. This 
increased efficiency combined with multi-row detectors that are able to utilize a cone 
beam x-ray rather than just a fan beam, now allow for the continuous movement of the 
object through the scanner. This allows for faster scan times and the ability to obtain time 
restricted or gated images efficiently with improved temporal resolution. Additionally, 
modern CT scanners are now capable of obtaining sub-millimeter spatial resolution while 
still maintaining image quality and scanning efficiency. (Kalra, Maher et al. 2004) 
X-ray radiography and CT continue to provide an efficient and economical means 
of obtaining images of internal body structures. Full body CT scans can be acquired in a 
few minutes with little to no prep time for the patient in most cases. In a trauma setting, 
CT can provide a complete overview of internal damage done to the body with excellent 
clarity and minimal cost compared to other imaging modalities that may be more time 
consuming as well as costly. (Kalra, Maher et al. 2004) 
A notable shortcoming of x-ray transmission experiments is that x-rays are a form 
of ionizing radiation. The interactions between x-ray photons and the object being 
scanned have the ability to cause the ionization of the atom being interacted with. While 
it is this interaction that provides the information used to make the desired image, the rate 
of ionizing radiation absorption can cause damage to the biological systems of body cells. 
Exposure to ionizing radiation is known to increase the future likelihood of developing 
cancer. While no exact amount of radiation exposure can be linked to a diagnosis of 
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cancer, studies have shown that higher doses correlate with higher incidence of cancer 
diagnosis later in life. (Brenner, Elliston et al. 2001) 
As discussed, x-ray transmission modalities produce images based solely on the 
density of the tissues being imaged. While this information can be very useful in a 
number of settings, this can be a limitation in some medical fields. Many of the soft 
tissues within the body have very similar density despite being biologically distinct in 
form or function. This is especially true of cancers where the disease often retains many 
of the characteristics of its tissue of origin. In such cases, x-ray radiography or CT images 
may be unable to provide the detail necessary to properly identify pathology. (Tempany, 
Straus et al. 2008) 
In contrast to these x-ray transmission modalities, the field of nuclear medicine 
utilizes gamma ray emission experiments to produce images of tracer distribution 
throughout the body. Gamma rays are high-energy photons that emanate from the nucleus 
of an atom as a byproduct of a change in atomic energy state. Despite their source of 
origin, gamma rays and x-rays have identical properties for a given particle wavelength. 
(Bushberg 2002) 
Single-photon-emission computed tomography (SPECT) is an imaging modality 
that utilizes unstable compounds that contain an atom that undergoes isometric 
radioactive decay. When the excited nucleus of the unstable element returns to its ground 
state, a single gamma photon of characteristic wavelength is emitted from the nucleus of 
the atom. (Bybel, Brunken et al. 2008) A rotating gamma ray detector with a directional 
collimator then detects these photons and records their direction of origin. By detecting 
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gamma ray emissions from within the patient at multiple angles, a 3D image of the 
distribution of radioisotope in the body can be generated in a similar fashion to how CT 
images are produced. (Bybel, Brunken et al. 2008) 
Positron Emission Tomography (PET) utilizes neutron-deficient radioisotopes 
that undergo radioactive decay and release a positron. Once the positron comes to rest in 
the surrounding matter it annihilates with an electron causing their full masses to be 
converted into two equal 511 keV gamma ray photons. The photons will travel in 
opposite directions from the point of annihilation. A circular ring of gamma ray detectors 
around the patient records coincident detections of gamma photons on opposite sides of 
the circle. By tracing the line between the two coincident detections, the scanner is able 
to generate a 3D image showing the distribution of the radioisotope throughout the body. 
(Townsend 2004) 
Because the radiation produced in nuclear medicine modalities comes from 
radiotracers that can move, the images produced provide very limited structural 
information about the body. Instead we are shown the location in 3D space within the 
body in which the radiotracers are when they decay. By binding these radiotracers to 
specific molecules with biological function, it is possible to see where within the body a 
compound is being used or stored. By seeing where the compound is utilized, it is 
possible to infer the biological activity in that location. In this way, nuclear imaging 
provides images of biological function rather than structure. Because of this, interactions 
between the gamma ray photons and the body can block the desired transmission to the 
detector. In this case, these interactions are a source of error rather than a source of 
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information, as in x-ray transmission experiments. This produces a known artifact in 
radiotracer images where the center of a bright area appears darker than its outer areas. In 
recent years a great focus of research in this field has been to discover new radiotracer 
compounds that can be used to image different physiological processes. (Townsend 2004) 
Magnetic resonance imaging (MRI) is an imaging modality that utilizes the 
interaction of electromagnetic waves in the RF spectrum with atomic nuclei. Nucleic 
particles produce a small magnetic field as a result of their intrinsic spin and charge. 
Under normal conditions the many nuclei of an object will be aligned in random 
directions due to thermal motion. In the presence of a strong magnetic field, this thermal 
randomness can be overcome and the atoms within an object can be made to align with 
the magnetic field. While the particles may align in a parallel or anti-parallel 
configuration, there is a small skew towards the parallel direction, producing a net 
magnetic moment in the direction of the field. When radiowaves with a frequency 
matching the intrinsic Larmor frequency of hydrogen interact with the desired molecules 
in this state, the absorbed energy will cause the nuclei to rotate away from equilibrium. 
Once the RF energy is switched off, the nuclei will progress back towards equilibrium at 
a rate determined by interactions with surrounding molecules known as the equilibrium 
constant. As these rotated nuclei relax back towards equilibrium, their rotating magnetic 
fields will cause a signal to be produced in a receiving coil that can be recorded. The 
longer a particular sample takes to return to equilibrium the greater the amount of signal 
produced by the nuclei. (Edelman and Warach 1993) 
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While MRI imaging is possible through the interaction of RF with many different 
nuclei, the 1H-proton is the most common nucleus used in medical imaging. The 
abundance of 1H-protons in water makes it an excellent source of signal in MRI. The 
water in different tissues will relax at different rates causing biologically different tissues 
to produce different amounts of signal given the same amount of excitation. By applying 
a relatively small magnetic gradient across the object being imaged it is also possible to 
slightly change of the Larmor frequency of the nuclei in the object, such that the 
produced RF field will only excite a small slice of the body at a given moment. By 
exciting the tissues of the body in slices in this manner, it is possible to detect these 
signals with spatial resolution and use the Fourier transform to produce tomographic 
images of the body. Because the source of MRI signal comes from the excitation of 
protons within the body tissue, MRI is able to show two distinct tissues of similar density 
but differing biological makeup as different. In this way, MRI provides structural 
imaging of soft tissue with far greater differentiation than CT. (Lee and Carroll 2010) 
While structural MRI imaging techniques and technology continue to improve, 
recent advancements have created the possibility of using MRI to obtain functional 
images of the body as well. The most predominant example of such technology is known 
as functional magnetic resonance imaging (fMRI). In fMRI, image contrast is derived 
from the magnetic properties of oxygen rich and oxygen poor blood. As areas of the brain 
are activated while engaging in cognitive or motor tasks, the vasculature of activated 
areas will vasodilate, causing a relatively localized increase in blood flow. By temporally 
linking this change in blood oxygenation with the experimental protocol, it is possible to 
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create a functional image of activation in the brain. Methods such as this and others 
utilizing dynamic changes in magnetization in the body have allowed MRI to become a 
real option for some forms of functional imaging. (Ogawa, Lee et al. 1990) 
Because all of these imaging modalities provide different information about the 
object being imaged, it is sometimes the case that one single modality may not provide all 
of the information desired for a given medical situation. To accommodate such cases, 
hybrid systems have been developed that incorporate multiple modalities into a single 
imaging device that allows for the creation of composite images where the strengths of 
each modality can cancel out the weaknesses of the other. (Townsend, Carney et al. 
2004) 
One such instance of a hybrid modality is the PET/CT scanner. As discussed 
above, CT is able to provide an accurate structural image of the components of the body 
based on tissue density but not on tissue function. PET technology can utilize radiotracers 
to measure functional activity such as metabolic uptake but lacks the high spatial 
resolution of CT. Additionally, PET scans often do not provide accurate structural 
landmarks in the produced images to locate these areas of interest within the body. This 
can make determining the location of the detected activity within a patient difficult. In 
some cases these two images can be co-registered with each other after they are acquired 
on separate machines, but this is not always possible and the accuracy of the registration 
may be unreliable. By combining the detectors of both technologies into a single scanner, 
both image sets can be obtained in one exam and can be automatically co-registered to 
each other with accuracy. In PET/CT the scanner provides a high-resolution structural CT 
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image of the body overlaid with the lower resolution functional information from the 
PET image. (Townsend, Carney et al. 2004) 
Other hybrid systems are now becoming more common and are being shown to 
provide benefit in both clinical and research settings. Hybrid MR/PET scanners are now 
being utilized in much the same way as PET/CT. Such a scanner can utilize the additional 
physiological information provided by MRI to be matched with the information provided 
by nuclear medicine imaging technology. These technologies have shown great promise 
in areas such as oncology, where the structure of different malignancies may be difficult 
to differentiate from healthy tissue. In some cases, the structure of a malignancy may go 
unchanged in a course of treatment while the ability of the cells to reproduce has been 
greatly diminished. Such hybrid technologies allow for the functional and metabolic 
information provided by nuclear medicine to be quickly and accurately matched with the 
structural data from the CT or MRI. (Schlemmer, Pichler et al. 2008) 
From the beginning of modern bioimaging technology, a primary concern has 
always been how to insure that a given imaging system was producing images that 
provided a true representation of their subject. Unlike a photo camera that produces an 
image of what can already been seen, x-ray systems produced images that cannot be 
immediately verified. This trend continued into future imaging modalities as well. 
Complex images of the internal workings of subjects produced by nuclear imaging and 
MRI are not easily compared to their object of origin. Early work on development of 
bioimaging involved the use of human and animal subjects. Crude x-ray images of living 
people were compared to the skeletons of cadavers. Animal experimentation also allowed 
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for dissection and comparison after the images were obtained. These studies allowed 
bioimaging technologies to develop and to be trusted as reliable sources of medical and 
scientific data. (Keereman, Mollet et al. 2011) 
As the field of bioimaging has progressed, the requirements of a test object have 
become more stringent. In order to test the precision and accuracy of an imaging 
technology or system, an object of known physical and geometric properties must be 
imaged. While it is still possible to use living subjects in this experimentation, this 
becomes an increasingly difficult prospect. The imaging of animal test subjects requires 
that the animals be cared for properly, anesthetized for experimentation, and be sacrificed 
in many cases in order to verify the imaging data. In the case of human research, 
volunteers must be recruited and compensated properly. Additionally, there are limits to 
what can be done with a human subject to verify the imaging data obtained. Repeated 
imaging with modalities that utilize ionizing radiation are also detrimental to the health of 
both animal and human subjects. Researchers in engineering fields and clinical trials have 
found that the use of an inanimate object with physical properties designed to mimic that 
of living specimens is much more convenient and cost effective. In many cases, the use 
of such objects can provide greater accuracy in research due to the ability to know the 
exact makeup of the object without fear of the object changing over time. (Keereman, 
Mollet et al. 2011) 
A device used as a known imaging object is called a phantom. The design of 
individual phantoms is determined largely by their function as a testing object and the 
modality in which they are meant to test. Common designs for a phantom allow for the 
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testing of new advances in imaging technology as well as providing a way of calibrating 
and ensuring the continued accuracy of a system’s output. Most phantoms will be specific 
to the modality they are designed for and will be tailored to the unique physics of that 
modality. As an example, a simple CT phantom would be composed of materials 
designed to mimic the x-ray attenuation coefficients of living tissues. Additionally, 
specific structures within the phantom can be put in place to determine the accuracy of 
the images produced. Variations in the size, density, and placement of internal 
components of a phantom allow for the spatial resolution, contrast to noise ratio, signal to 
noise ratio, and presence of imaging artifacts to be measured in an image. This shows the 
capabilities of the system and allows for calibration or further research. These devises 
have the added benefit of being able to be used on a flexible schedule, with little financial 
overhead, and reproducible results. (Gupta, Nelson et al. 2003) 
The use of phantoms also allows for comparison of results across imaging 
institutions and teams. Specialized phantoms can be developed that can be mass-
produced to provide very specific information about the imaging systems being used. In 
these cases not only can the phantoms be used to test the accuracy and reliability of a 
given machine, they can also be used to compare the results of multiple machines 
directly. This allows research to be carried out at multiple institutions while still 
maintaining directly comparable data. (Friedman and Glover 2006) 
Phantom specialization can also be designed around a specific experiment. 
Objects designed to mimic joints, the human lungs, and other mobile or articulating 
anatomical structures can be used to examine a scanner’s imaging capabilities or to 
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compare data for a given experiment. More elaborate phantom design allows for the 
imaging of moving fluids through the object. In flow-phantom design, a pump outside of 
the scanning area can push fluid through the phantom to simulate biological processes. 
This allows for the visualization of artifact that may be common in a living creature but 
that may not appear in a static object. Additionally, this has allowed for the development 
of imaging techniques that are used to accurately measure the flow of fluid, not as an 
artifact, but as the object of the image being acquired. (Shimizu, Utsunomiya et al. 2010) 
As discussed above, a phantom is only useful for a given modality if its physical 
make-up interacts with the imaging modality being used in a way similar to the tissue it is 
being used to mimic. Because if this, a phantom that is suitable for CT may not be 
suitable for MRI or nuclear imaging. The same can be said for phantoms developed for 
any modality. In the past, this has not been a consideration in phantom design. 
Specialized phantoms could be used for each modality to fulfill their specific purpose. As 
the field of bioimaging progresses forward, however, it is becoming more advantageous 
to develop phantoms that can be used in multiple modalities and still provide comparable 
data. To accomplish this, materials must be used that mimic the desired biological tissue 
in both modalities. Such phantoms can be used to test results across modalities for direct 
comparison. Additionally, as more complex hybrid imaging systems are developed, these 
phantoms allow for the accurate testing and assessment of these systems despite the use 
of multiple concurrent imaging experiments that rely on different physical properties of 
the object. (De Brabandere, Kirisits et al. 2006) 
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As our understanding of bioimaging techniques and technology continues to 
evolve, researchers have continued to improve upon the quality of the images that each 
modality can produce. Image quality is the sum of the many aspects of an image that 
determine how well the image represents the target object. These different aspects of 
image quality add together to determine what information about the object is being 
captured in the image produced.  
Perhaps the most familiar measure of imaging quality is that of spatial resolution. 
The spatial resolution of an imaging modality is defined as the distance that two small 
objects can be from each other and still be detected as separate objects. High spatial 
resolution images will be very sensitive to detail and show separate objects within very 
close proximity. This is commonly measured in units of line pairs per millimeter. Objects 
that are closer to each other than the maximum resolution of the imaging modality will 
appear as a single object in the produced image. (Forsyth, Shaw et al. 1996) 
Related to an image’s spatial resolution, is the signal-to-noise ratio (SNR). In any 
image acquisition technique there are random fluctuations in the signals detected. These 
random fluctuations are best visualized as changes in detected signal in a homogeneous 
region of the object being imaged. This noise is the product of the many different random 
interactions between the energy interacting with the object and quantum variations in the 
objects being imaged. If the fluctuation in signal strength due to noise is greater than the 
change in signal strength due to true difference in the object being imaged, it becomes 
difficult to distinguish the noise from the object in an image.  The SNR is determined by 
comparing the strength of a detectable signal to the statistical noise of the image. Images 
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with high SNR values show clear distinction between true object signal and random 
background noise. Higher SNR measurements are needed to produce images with greater 
spatial resolution. (Cunningham and Shaw 1999) 
Noise can also affect the measure of contrast within an image. Contrast is a 
measure of the difference in signal intensity between an object and its background. Image 
contrast is measured using the contrast-to-noise ratio (CNR). The CNR value is a 
measure of the difference in signal intensity between two regions of interest and the 
statistical measure of noise in the image. High CNR allows for the direct comparison of 
signal intensity in an image and is an excellent measure of overall image quality. High 
CNR values allow for the detection of slight changes in signal intensity even at lower 
resolutions. CNR is affected by the amount of energy imparted by the imaging system 
and the imaging slice thickness. In all tomographic imaging modalities, CNR can be 
improved by increasing slice thickness at the expense of spatial resolution in the slice 
acquisition direction. Increased dose in x-ray modalities can also improve CNR. (Song, 
Pogue et al. 2004) 
One final measure of image quality is the presence and severity of image artifacts. 
An artifact is any discrepancy between the image of an object and the true physical form 
of the object itself. While some forms of artifact are known to occur in multiple imaging 
modalities, some are specific to a single modality. Most artifacts are a result of the 
specific way in which signal is attenuated by the object and then detected by the imaging 
system. Common artifacts include distortion of the image, areas of varied signal intensity 
not found in the object, and motion artifact.  While some artifacts can be caused by flaws 
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in the imaging system, such ad faulty detectors or geometric misalignments, some 
common artifacts are caused by the object itself. If an object changes location or fluid is 
flowing within an object during a scan, artifacts are to be expected in every modality. 
Abrupt changes in signal intensity also tend to cause artifact. Areas where bone meet soft 
tissue in CT or where air meets tissue in MRI are common examples of where artifacts 
are expected to be seen due to drastic changes in signal intensity. (Barrett and Keat 2004) 
An important factor in determining image quality in medical imaging as well as 
the safety of the patient is the radiation dose. As discussed, all imaging modalities require 
the use of some form of energy that interacts with the object being imaged. In the case of 
x-ray imaging modalities, ionizing radiation must pass through the tissue of the body and 
interact with these tissues based on their density. This absorbed energy is known to be 
damaging to tissues and to have both acute and stochastic side effects associated with 
increased dose. Dose also affects image quality. By increasing the dose in x-ray imaging 
experiments it is possible to greatly reduce image noise and improve contrast. This 
increased image quality must be compared to the increased danger of causing harm to the 
patient being imaged in every scan. In this way, dose is the predominant limiting factor 
on image quality in x-ray experiments. (De Zordo, von Lutterotti et al. 2012) 
As different bioimaging modalities have improved, researchers have also sought 
ways of modifying existing systems to preferentially show different aspects of anatomy. 
One such sub-specialty is angiography. In the field of bioimaging, angiography is the 
acquisition of images that display the vasculature within the body. The information 
provided by angiography can be critical in cases of acute trauma or vascular illness as 
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well as in diagnosing and studying long-term vascular disease. Different methods of 
angiography are often used to diagnose the extent of damage in cases of brain trauma, 
stroke, or aneurism. The information provided allows physicians to determine the extent 
of damage from these conditions as well as appropriate methods of treatment. In the 
abdomen and extremities, angiography can again assess damage due to trauma but can 
also be used to stage cardiovascular disease and vascular health. Following diagnostic 
stages, real-time angiography methods also provide guidance for surgical or chemical 
intervention of these conditions that would otherwise be impossible. (Hopkins and Ecker 
2008) 
Due to the fluid nature of blood and the relatively small size of most vessels 
compared to other structures in the body, angiography presents special challenges for 
each modality. Early methods of angiography were completed using x-ray fluoroscopy. 
In most cases, standard diagnostic x-ray techniques are not capable of visualizing small 
vasculature as separate from other fluid within the body without some form of contrast 
material. In fluoroscopy, radio-opaque contrast materials, commonly based on iodinated 
compounds, are injected into the blood stream of the patient. As the contrast material 
flows through the vasculature of interest, it can be clearly visualized compared to other 
structures. Developments in the area of digital subtraction angiography have improved 
upon this technique to remove non-vascular structures from the real-time image. DSA 
produces images where only the vasculature is visualized and surrounding structures have 
been subtracted out. For many years, DSA has been the gold standard for real-time 
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visualization of vasculature for diagnostic and surgical guidance purposes. (Takayama, 
Taoka et al. 2011) 
Angiography utilizing CT modalities has experienced significant growth in recent 
years. CT angiography utilizing injected contrast material can be performed reliably and 
at little additional cost compared to a standard CT scan. Contrast material injection can 
often be timed to allow for a single high-speed CT session to capture both images without 
contrast and subsequent sets of images as the injected material passes through the 
different stages of the circulatory system. This allows for high-resolution 3D imaging sets 
of vasculature for diagnostic and research purposes. Additionally, advancing CT 
technology, including cone-beam, multi-detector row, and dual energy CT scanners also 
allow for the generation of real-time 3D angiographic images for use in surgical 
intervention. (Raptopoulos and Boiselle 2001) 
The use of iodinated contrast does pose some problems, however. Between 15 and 
20 % of patients can have some acute adverse reaction to injected contrast material. 
These reactions can range from mild to life-threatening conditions. Additionally, between 
5 and 10 % of patients will experience some delayed adverse reaction to contrast media 
within a week following injection. Most delayed reactions manifest as an allergic skin 
response. While some reactions are caused by allergy, some acute reactions are linked to 
acute nephrotoxicity in older adults or patients with existing kidney disease. Additionally, 
the nephrotoxic nature of such compounds can have long-term effects on the kidneys and 
the renal system. Due to the toxic nature of these compounds, many people are not able to 
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undergo x-ray based angiographic imaging, limiting their access to this helpful 
technology. (Namasivayam, Kalra et al. 2006) 
 Advancements in MRI angiography (MRA) have proven to be a viable alternative 
to CT angiography in instances were the use of CT contrast is not possible or desirable. 
MRI can also provide additional imaging information about surrounding tissue that may 
not be possible using conventional CT methods. In time-of-flight MRA (TOF) RF 
excitation energy is directed at an area of the body located outside of the field of interest 
for the image being acquired. This excided area should contain vasculature that will 
provide flowing blood to the vasculature within the field of interest. As blood flows 
through these vessels in the excided area it is subject to the excitation energy and begins 
to emit MR signal. As this excited blood flows out of this area and into the area of 
interest it will continue to give off detectable signal. Because the surrounding tissue in 
the area of interest was not excited by the incoming RF energy, only the blood vessels 
will produce strong signal for the MRA image. In this way, the specific use of incoming 
energy is used to generate contrast between the vasculature and surrounding tissue, rather 
than the use of an injected contrast material. While some patients are not candidates for 
MRI, this modality does have the added benefit of being repeatable without the use of 








 The Boston University Bioimaging program, in partnership with the Boston 
University Medical Center, provided all financial support as well as access to scanning 
and lab equipment for this experiment. All data was collected through the use of a 
custom-designed multi-purpose phantom and utilizing a clinical CT scanner. No human 
or animal subjects were included in this experiment. A trained medical physicist operated 
the CT scanner for all data acquisition protocols and all scans were completed during 
non-clinical hours of operation. This study poses minimal risk to the research team.  
 
Phantom Design 
 A custom-designed multi-purpose phantom was used for all scanning protocols.  
The phantom structure was composed primarily of acrylic (PMMA). A cylindrical acrylic 
tube with a diameter of 20 cm was closed utilizing two circular acrylic faceplates of 
matching diameter. Four acrylic tubes with internal diameters of approximately 2.5 cm 
were attached to each faceplate along the z-axis of the primary cylinder, creating four 
open-air channels through the closed cylinder. The overall length of each cylinder in the 
z-axis direction was 16 cm. The internal space of the large cylinder was filled with 
distilled water and sealed. Additionally, an acrylic ring with a 20 cm internal diameter 
and 30 cm external diameter was fit over the primary phantom (Figure 1). This material 
composition and geometry was designed to mimic the shape and noise profile of an 
average adult abdomen. (Nakayama, Awai et al. 2005) Four acrylic dowels were also 
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constructed to fill unused space in the small phantom channels if needed. These helped to 
reduce artifact due to large air pockets in the phantom.  
 For the purpose of this experiment, four small custom acrylic sample bottles were 
constructed to have a cylindrical outer diameter matching the diameter of the phantom 
channels. The sample bottles were approximately 5 cm long with an internal diameter of 
1.45 cm. They were designed to allow for samples of interest to be placed within the 







 Four samples of iodinated contrast material were prepared from a stock of Isovue-
370 (Iopamidol 76 %). One pure sample and three dilutions with distilled water at ratios 
of 2/3, 1/2, and 1/3 Isovue were used. This translates to contrast material concentrations 
of 370 mg/ml, 246.67 mg/ml, 185 mg/ml, and 123.33 mg/ml of organically bound iodine 
respectively. A vessel model with a diameter of 2 mm was selected based on the 
recommendations of interventional radiology staff at BUMC. Vessels of this size 
approach the minimum vessel size for angiography guided medical intervention. Small 
amounts of each solution were used to fill small plastic tubes with internal diameters of 
approximately 2 mm and a length of approximately 4 cm. Once filled, each tube was 
sealed and they were each placed in a separate acrylic sample bottle. Excess space in the 
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four bottles was filled with distilled water before capping. Finally, the bottles were 
aligned in the phantom channels and acrylic rods were placed in the empty space within 
the channel to minimize air in the setup. The phantom was placed in the isocenter of the 
CT scanner along the z-axis.  
 
CT Protocols 
 The phantom was scanned 
using a GE Healthcare 16-row 
Brightspeed CT scanner. Seven 
protocols were completed in total 
(Table 1). The phantom was 
scanned once using each protocol. 
The BUMC Pulmonary Embolus 
protocol with 16 x 0.625 mm slice 
acquisition and 3.75 mm slice reconstruction was used to acquire each of the 7 scans. The 
scanner parameters used included a 500 mm acquisition diameter with a 360 mm 
reconstruction diameter and a spiral pitch factor of 1.375. Gantry rotation was held 
constant at 0.5 seconds with a table speed of 27.5 mm/sec. This produced a table feed per 
gantry rotation of 13.75 mm. (Figure 3) 
 Protocol A was used as an initial baseline scan using the institution’s currently 
established protocol. For this scan the x-ray tube voltage potential output, measured in 
kVp, was set to 120 and Noise Index (NI) was set to 23. The scanner mA settings were 
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not manipulated throughout the experimental protocols. Tube current was controlled by 
the clinical CT protocols automatically for each specified combination of kVp and NI 
settings. Protocol A was acquired with only the pure sample of Isovue-370. Following the 
baseline scan with Protocol A, the three other contrast material samples were added to the 
phantom. Protocols B through G were then acquired, changing only the kVp and NI 







Image Analysis and Statistics 
 All image measurements were completed using OsiriX DICOM viewer (32-bit 
v.5.6). Attenuation values of the pure sample were acquired for Protocol A and for each 
of the four samples in protocols B through G. Circular 2 mm diameter ROIs were 
sampled for each of the contrast material concentrations in each protocol. Due to the 
small sample cross-sections of 2 mm, identical ROIs were placed over the center of the 
small points of high signal in five consecutive slices for each contrast material sample. 
HU measurements obtained from the five ROIs for each sample were treated as a single 
ROI for analysis purposes. This allowed for greater statistical power in all calculations 
despite the small ROI area in each axial slice.  
 Image noise was calculated using a single identical 3 cm2 ROI placed in the center 
of the phantom for each protocol. The standard deviation of noise was calculated for each 
protocol. A CNR value was then calculated for each sample based on the formula:  
 
Where ROIs = average contrast material attenuation, ROIB = average background 
attenuation, and SDN = the standard deviation of the noise values.  
 A two-way ANOVA test was completed for the attenuation values between the 
different NI parameters for each protocol and the experimental kVp settings. Changes in 
noise were then assessed using a two-way ANOVA test to compare the standard 
deviation of each background ROI function of the kVp and NI of each protocol. Finally, a 
set of two-way ANOVA tests were completed for the average attenuation values and 
CNR values with kVp and concentration used as the independent variables. Another two 
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way ANVOA was used to test the significance of NI on CNR with contrast material dose 
held constant.  
 Dose was evaluated for each scan based on the CTDI dose report produced by the 
scanner after the completion of all scanning protocols. While a direct change in dose may 
be easy to see, this does not account for changes in the image quality relative to dose. To 
assess the change in dose as it relates to image quality, a figure of merit is used (FOM). 
The FOM is calculated as: . This provides a clear understanding of CNR 
normalized using dose. (Schindera, Nelson et al. 2008) A two-way ANOVA was 
performed on the FOM values with kVp and contrast material concentrations used as the 
dependent variables and again with kVp and NI.  
 
Quantification Accuracy 
 Due to the high attenuation value of the contrast material compared to water, it is 
usually possible to visualize the approximate location of the sample even when there has 
been a significant drop in CNR or FOM measurements. When this happens, however, the 
noise in the image can cause the perception of the object to become distorted. As a 
measure of image distortions for the different protocols, the apparent surface area across 
an image slice of the water filled center of an acrylic sample bottle was measured using a 
polygonal ROI. A researcher placed the ROI boarder around the apparent visible internal 
diameter of an acrylic sample bottle on an image from each protocol. The percent change 
in recorded area of the water space was compared to both the known physical dimensions 
of the bottle as well as the measurement taken at the clinical image acquisition setting of 
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120 kVp. Percent error rates lower than 7 % were considered to be within the acceptable 




 The mean attenuation coefficient 
for every sample increased significantly 
as the kVp of the system was lowered. 
Two-way ANOVA showed this effect to 
have a P value of 0.012. Concentration 
was also shown to have a significant 
affect on the measured attenuation with a 
P value of 0.001. In the case of the 100% 
Isovue sample, there was an approximate 
10% increase in average attenuation across all NI levels. The 1/3 Isovue sample 
experienced an approximate 17 % increase in attenuation between 100 and 80 (Figure 4). 
An additional two-way ANOVA between kVp and NI showed that NI had no significant 
effect on the attenuation values of the samples. Due to the lack of significance of changes 
in NI, averages of attenuation values across NI settings were used to generate the 






 Image noise also increased significantly as the kVp was lowered. This was seen in 
an increase of the standard deviation in the attenuation values with ROI in the image 
background. The difference across kVp settings was found to have a P value of 0.009. 
Changes in NI across the imaging protocols were found to have no significant affect on 
the standard deviation of recorded noise (Figure 5) 
 
CTA Images for Noise Comparison 
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CNR Assessment 
 In assessment of the CNR of the imaging protocols NI was again shown to have 
no significant effect on the changes in CNR with a P value of 0.9. Both contrast material 
and kVp, however, were shown to have significant effect on the CNR. Changes in kVp 
were found to produce a significant change in CNR with a P value of 0.010. 
Concentration was also a significant factor in CNR measurements with measured changes 
having a P value of 0.045 between the concentration groups. Despite the increase in 
attenuation values of the samples from the change in kVp settings, it appears that the 
effects of the increased noise were shown to be of more significance in the CNR of the 
samples. In all tested protocols higher kVp settings were shown to produce a superior 
CNR compared to any protocol of lower voltage (Figure 6).  
 
Dose Assessments 
 Dose was found to significantly decrease by 
lowering the kVp settings in the experimental 
protocols (Table 2). Protocol B with a kVp of 100 
was found to produce only 64.5 % of the dose from 
Protocol A. Additionally, Protocol E with a kVp of 
80 was found to produce only 35.6 % of the dose 
from Protocol A. There was not a significant change in dose between NI values.  
 The FOM again showed that the clinical protocol had the best rating. While there 
was some moderate increase in FOM from 80 to 100 kVp, a two-way ANOVA between 
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contrast material concentration and kVp showed that the kVp did not make a statistically 
significant difference between the 80 and 100 kVp protocols with a P value of 0.114. NI 
was again shown to not play a significant roll in determining FOM. The most significant 
variation in FOM came from the contrast material concentration with a P value of 0.018 























 There was a noticeable change from the ability to accurately detect the detailed 
shape of the acrylic bottle in the protocols that use the 80 kVp voltage setting. Compared 
to the error measurement using the 120 kVp baseline scan, there was an approximately 9 
% increase in error over the clinical protocol scan (Table 3). While the NI was shown to 
provide little benefit in increasing the quantitative measurements throughout the 
experiment, it appears to have some good effect in this setting. Going from a NI of 23 to 
19 while measuring the 80 kVp images brought the error rate down by more than half 
(Figure 8). In the case of both the 100 and 80 kVp scans, images with a NI of 23 were 
shown to have a distortion greater than 7 % when compared to measurements taken from 
a Protocol A image. NI was found to have a significant effect on the ability for the reader 
to measure image distortion. Between protocols E and G the image with NI of 19 has 
shown to have a percent difference of Protocol A measurements of approximately half 
that of the 23 NI scans. While our quantitative measures of image quality show no 
































 In our study, we attempted to lower the dose due to ionizing radiation and test the 
effects of using lower concentrations of contrast material while maintaining image 
quality by kVp of a CTA protocol. The high risks associated with radiation dose are a 
limiting factor in the quality of images that can currently be obtained. Given the toxic 
nature of most injectable contrast materials used in CTA scans, this could also provide 
the opportunity to lower the risk to patients undergoing these protocols without 
sacrificing image quality. Our findings from this study indicate that despite an increased 
measure of attenuation within the contrast material samples, the best CNR values were 
obtained using the clinical setting of 120 kVp. In all cases, higher kVp settings yielded 
higher CNR values for an equal concentration of contrast material.  
 The significant change in dose seen between kVp settings was highly promising. 
Dose was lowered by approximately 2/3 in scans acquired with a kVp 80. Despite this 
change in dose, the FOM taking image noise into account was still found to be superior in 
Protocol A. While the FOM is slightly decreased in these scans, the raw decrease in dose 
to the patient is a promising result with great benefit to the risk profile of patients 
undergoing CTA.  
 By all quantitative measurements that we assessed, changes in NI across imaging 
protocols had no significant effect on the outcome of our results. While minor changes in 
the noise level between NI settings was seen, the changes were always small and 
appeared to be random. In our qualitative assessment of image noise, however, changes 
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in NI were shown to have the potential to improve reader accuracy. Within the 80 kVp 
protocols, reader error in measuring an area of known size decreased by approximately 
half from the 23 NI to the 19 NI protocol. This result could potentially point to an 
improvement in image readability due to changes in NI that is not accounted for by 
quantitative measures of CNR. It is possible that while CNR may not improve 
substantially, small changes in image noise can have significant effects on the ability of 
human readers to make accurate measurements.  
 As expected from previous work completed with low tube voltage experiments 
with iodinated contrast, we found that lower kVp settings led to an increase in the 
attenuation signal from contrast material in CTA imaging (Schindera, Nelson et al. 2008). 
Our results, however, did not reproduce the findings of increased CNR and FOM 
measurements at these low kVp settings as others have found (Kalva, Sahani et al. 2006; 
Marin, Nelson et al. 2009; Marin, Nelson et al. 2010). We believe that this discrepancy 
can be attributed to the exposure settings and NI settings selected for our imaging 
protocols. Previous studies chose to manipulate scan exposure through the deliberate 
manipulation of mAs settings to decrease noise in low tube voltage scans. Our study 
utilized experimental protocols with only minor changes in tube current from the 
established clinical protocol. The lack of significant change in CNR and FOM across 
changing NI levels in our results suggests that our exposure settings were not adequately 
modified to account for the increase in image noise at the experimental kVp settings 
used.  
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 While our results indicate that the currently held clinical imaging protocol 
provided a greater CNR than our experimental model, we believe that further 
experimentation with lower NI values is warranted. We expect that greater increases in 
selected NI could greatly increase the CNR and FOM measurements at low tube voltages 
based on the small impact detected due to our chosen NI settings. Additionally, our 
qualitative assessments showed that lower NI settings did have the potential to improve 
image readability that was not accounted for in our CNR measurements. It is likely that 
further experimentation with noise reduction will allow for increased CNR measurements 
at low kVp settings in this field. Despite the higher quality of images from Protocol A, 
images from our experimental protocols were found to still produce images of sufficient 
quality for CTA detection with the benefit of significantly reduced dose.   
 
Conclusion 
 The purpose of our study was to determine if CTA images utilizing lower kVp 
values could produce images of similar quality but with lower dose. We additionally 
sought to study if contrast material concentration could be lowered without 
compromising vessel detectability utilizing these settings. We found that across all of our 
experimental protocols, Protocol A still produced greater measures of CNR and FOM. 
Our findings indicate it is possible to lower dose in CTA imaging substantially using 
lower kVp scanner settings. While there was some decrease in image quality across kVp 
settings, FOM was found to show an insignificant change within a given concentration of 
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contrast material. While image quality was reduced, this reduction did not cause 
significant impairment to quantification accuracy of area measurement.  
Based on our lack of measured effect of experimental NI settings on CNR, 
combined with our qualitative assessments of image readability, this study points to 
further study of different NI levels being warranted. We believe that further exploration 
of low NI settings in low kVp scans can further increase the quality of the images 
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